I. INTRODUCTION

I
N THE past five decades, hydrogenated amorphous silicon (a-Si:H) has found its way from the academic lab environment to a multitude of applications, such as sensors and thin film transistors [1] , as well as various types of solar cells. Especially notable examples include multijunction thin film silicon (TF Si) solar cells and silicon heterojunction solar cells [2] , the latter of which have enabled the current world record conversion efficiency for silicon solar cells [3] . Despite the vast amount of fundamental research on a-Si:H that was needed to realize these achievements, there is still no clear understanding of the a-Si:H nanostructure and the defects therein due to the nanostructural complexity of a-Si:H materials. Often the nanostructure is described as a continuous random network (CRN) where isolated dangling bonds are the dominant defects [4] . In the CRN, threefold-coordinated Si atoms have direct control over midgap states [5] , [6] . The paramagnetic nature of dangling bonds has been analyzed by means of electron paramagnetic resonance (EPR) [7] - [9] . Additionally, it has been suggested that dangling bonds can be converted into weak bonds and, therefore, also impact the tail states [10] - [13] , which to a certain extent likely act as defects as well. Alternatively, floating bonds, i.e., fivefold-coordinated Si atoms, have also been suggested as possible defects, but this idea never attracted wide support since floating bonds have only appeared in modeling studies while experimental observations are lacking [14] - [17] .
Although it is clear that hydrogen (H) plays an important role in reducing the defect density, the exact mechanism behind the hydrogen passivation of dangling bonds is unclear. The nature of the defects and the hydrogen passivation in the bulk of the material are particularly important matters when trying to understand the light-induced degradation (LID) of a-Si:H, also known as the Staebler-Wronski effect (SWE) [18] , [19] , which has been very intensively investigated in films and solar cells with one or more junctions based on a-Si:H [8] , [14] , [20] - [40] . The formation of defects in a-Si:H has been linked to strained bonds [41] - [44] and migrating hydrogen [45] - [47] , but always with a CRN view on the nanostructure. However, several experimental results have questioned the correctness of the CRN in describing the nanostructure [48] - [51] . Furthermore, recent EPR studies have suggested that uniformly distributed isolated dangling bonds are not the only defects in a-Si:H and at least two types of defects are involved in the SWE [52] - [54] . An alternative to the CRN is the so-called disordered network with hydrogenated vacancies (DNHV) [55] , [56] , which has recently made it possible to correlate the a-Si:H nanostructure to the open-circuit voltage of a-Si:H solar cells [57] . In the DNHV, not only the migration of hydrogen in a-Si:H can be considered, but also the migration of open volume deficiencies, such as divacancies (DVs), multivacancies (MVs), and nanosized voids (NVs), which are surrounded by disordered, CRN-like regions. However, the hydrogen passivation degree of open volume deficiencies in the DNHV is still unknown due to a lack of characterization techniques that can directly probe this. Therefore, the objective of this study is to investigate the diffusion of both hydrogen and open volume deficiencies in a-Si:H while using annealing as a tool to study the nanostructure. In particular, we use the combination of Doppler broadening positron annihilation spectroscopy (DB-PAS) and Fourier transform infrared (FTIR) spectroscopy to monitor the evolution of and interplay between open volume deficiencies and hydrogen as a function of temperature.
In this work, we demonstrate a clear agglomeration of DVs and other small vacancy clusters into larger open volume deficiencies in the temperature range up to 400°C using DB-PAS. FTIR spectroscopy on the other hand indicates that, simultaneously, a significant amount of molecular hydrogen, which becomes mobile during the agglomeration of DVs into larger vacancy clusters, is trapped in open volume deficiencies. This leads to a pronounced local stress build up which is subsequently released upon effusion of trapped hydrogen, as revealed by a peculiar peak in the temperature dependence of the refractive index in the infrared part of the spectrum. Finally, this study reveals that at higher temperatures, a second stage of hydrogen effusion occurs, now involving the release of hydrogen liberated from Si-H bonds at the surfaces of the larger open volume deficiencies such as NVs.
II. EXPERIMENT
A. Sample Definitions
In this work, we study a series of five 412 ± 16 nm thick a-Si:H films deposited by plasma-enhanced chemical vapor deposition on Corning XG glass and crystalline silicon substrates. Note that these relatively thick films were analyzed instead of the more standard a-Si:H layer thicknesses of ∼70-350 nm that are typically used in state-of-the-art TF Si single-junction [32] , [36] , [37] , tandem [33] , [37] , [58] , triple-junction [31] , [38] , and quadruple-junction [35] , [39] , [59] solar cells. In this way, a clear plateau appears on the positron depth profile in the DB-PAS measurements, which enables a more accurate determination of the Doppler S-W values of the film. This determination is further enhanced by performing the DB-PAS measurements on the a-Si:H films on glass substrates only, since the contrast in S-W values is significantly larger between a-Si:H and glass in comparison to a-Si:H and c-Si. The H 2 -SiH 4 gas flow rate ratio, R = [H 2 ]/[SiH 4 ], was varied from R = 0 to 10, since it is known that the light soaking stability can be improved when increasing R [29] , [60] - [63] , while the responsible nanostructural reason is unclear. Note that the pressure was set at p = 0.7 mbar for the R = 0 films and p = 2 mbar for the R = 2.5-10 films, as it was not possible to ignite and sustain a stable plasma at lower pressures for the R > 0 conditions. For all depositions, a substrate temperature of T s = 180°C was set and the rf power was fixed at P rf = 0.022 W/ cm 2 . Due to the decreasing silane partial pressure when increasing R, the deposition rate decreased from r d = 11.1 (R = 0) to 6.6 ± 0.7 nm/ min (R = 2.5 − 10) [64] . It is noted that the samples do not lie on the same point of the Paschen curve as illustrated by the obvious differences in p and r d , while this is known to be a way to distinguish different types of a-Si:H and their light soaking stability [32] . However, the particular samples discussed in this work can still be compared, since the deposition conditions with the lowest and highest R values are known from previous work to yield solar cells with a significantly different light soaking stability [29] , [65] . The samples with R values in between 0 and 10 have been added to display possible trends with more statistical certainty.
All films were codeposited on both substrate types to mitigate the nanostructural differences between each pair of films. Such subtle differences might occur due to differences in thermal conductivity for glass and c-Si, which can in turn result in small differences in surface roughness of the a-Si:H films grown on the two substrate types. Another possible reason is the generally surface roughness dependent growth of Si:H and the amorphousto-crystalline transition that typically occurs when growing in R > 0 conditions up to a sufficiently large thickness [32] , [66] - [68] . However, possible differences in surface roughness are likely to be very small, since all substrates are atomically flat and any effects of the surface are likely to be negligible when analyzing the bulk properties of relatively thick films, which is the focus of this work. Since Raman measurements (executed with a Renishaw system equipped with a 514-nm laser) show no significant differences between the various samples and confirm that all films investigated here are fully amorphous, we conclude that a combined analysis of the DB-PAS measurements on the films on glass together with the FTIR measurements on the films on c-Si substrates is justified.
B. Analysis of the Nanostructure: Characterization Approach
DB-PAS is employed to detect the dominant type of open volume deficiency in the material, while FTIR spectroscopy enables an investigation of the environment of Si-H bonds [50] . The positron Doppler broadening of the 511-keV annihilation radiation was measured using positrons with a tunable kinetic energy in the range of 0-25 keV. The Doppler S and W parameters were determined using momentum windows for S and W of |p| Generally, dense material is characterized by a relatively low S value and a relatively high W value, while opposite values of S and W typically indicate porous material. The S and W depth profiles were analyzed using the VEPFIT program [69] . The detailed procedure for the positron Doppler broadening depth profiling method is described in [70] . A variable energy positron beam with an intensity of 10 5 e + /s and a diameter of 8 mm at the position of the sample is obtained via moderation of positrons which are emitted through a tungsten foil from a 22 Na source to execute the DB-PAS measurements. The interested reader is referred to [71] and [72] for more details on the DB-PAS experimental setup used in this work and [73] for further information about the DB-PAS technique in general.
FTIR measurements were conducted on the a-Si:H films deposited on c-Si substrates using a Thermo Fisher Nicolet 5700 FTIR spectrometer in transmission mode to obtain the intensities of the Si-H low and high stretching modes (LSM and HSM) and wagging modes (WM). The LSM (ω 2000 cm -1 ) are indicative of Si-H bonds in DVs while the HSM (ω 2100 cm -1 ) are characteristic for large vacancy clusters such as NVs [49] , [50] , [55] - [57] . The summed intensities of the WM (ω 610 and 650 cm -1 ) are used to calculate the mass density of the film ρ a−Si:H,W M and the atomic hydrogen content c H,W M .
III. RESULTS AND DISCUSSION
A. Detection of Open Volume Deficiencies in As-Deposited a-Si:H
First, all the samples were characterized by DB-PAS to establish how R affects the dominant open volume deficiency in the as-deposited state. The measured positron implantation depth profiles were fitted using the VEPFIT program to finally obtain the Doppler S and W parameters of the films [69] , [70] . We report normalized S/S c−Si and W/W c−Si values to enable a comparison with literature values. A reference c-Si sample was measured for this purpose. The VEPFIT results on as-deposited films are shown in Fig. 1 to indicate the variation in open volume deficiencies upon varying the deposition parameter R. Strikingly, increasing R leads to a decrease in S/S c−Si while it is commonly known that increasing R can yield a reduced LID [29] , [60] - [63] . This implies that the extra hydrogen in the plasma when increasing R decreases the open volume that is available for the positron to reside in. It is noted that the R = 10 material exhibits a slightly higher S/S c−Si value and a slightly lower W/W c−Si value with respect to the R = 7.5 sample, but this variation in S-W values still falls within the error bars shown in Fig. 1 , as given by the VEPFIT program. The similarity in S-W values for R = 7.5 and 10 can be understood as a saturation of the open volume reduction that is induced by the extra hydrogen in the plasma, in analogy to the saturation in LID reduction that typically sets in for sufficiently large R values. Until this saturation is reached, the size of the dominant open volume deficiency in the deposited film is thus decreased and/or the hydrogen passivation degree of open volume deficiencies is enhanced. If the latter is the case, this would imply that H 2 dilution results in more stable a-Si:H because of an improved hydrogen passivation degree of dangling bonds present at the surfaces of open volume deficiencies. This hypothesis is supported by recent EPR results that suggest that defects on the surfaces of vacancy clusters play a role in the SWE [53] , [54] . Note that an SWE model that mentions the relevance of open volume deficiencies and hydrogen motion on the surface of NVs was already introduced by Carlson three decades ago but never gained wide acceptance [74] , [75] . Interestingly, in that model, fewer dimer reconstructions occur when the hydrogen passivation degree of vacancies is enhanced, which is in line with our findings.
B. Stability of Open Volume Deficiencies in a-Si:H During Annealing
More insight into the stability of open volume deficiencies that are dominant in a-Si:H films deposited at different R values can be gained by monitoring S/S c−Si and W/W c−Si during in situ annealing experiments. It is particularly interesting to investigate how R affects the migration of open volume deficiencies during annealing, since the annealing behavior was previously only investigated for R = 0 material [50] . All films were isochronally annealed for 1 h at temperatures increasing from 50°C to 800°C in steps of 50°C at 10 -7 mbar. The samples were cooled down to room temperature in the vacuum to minimize effects of oxidation on the measurements and all measurements were conducted at room temperature. Note that the DB-PAS samples stayed in the measurement system for the entire duration of the annealing experiment to exclude any oxidation effects on the measurements altogether. The FTIR samples were annealed using the deposition chamber and fully cooled down in the load-lock before the short but necessary vacuum break to transport the samples to the FTIR setup. Although this means that oxidation of the films could take place, this effect is unlikely to significantly affect the measurement data since the films were never exposed to air for more than 1 min and the ultrathin oxide that could possibly form would in any case be orders of magnitude smaller than the film thickness. After each Note that the error bars are given by the VEPFIT program [69] , [70] as fitting errors. Note that the annealing treatment at T a = 500°C was conducted twice with a break of 3 months in between due to technical reasons.
annealing step, DB-PAS and FTIR spectroscopy were employed to monitor nanostructural changes in the films.
Best fits for the positron depth profiles were obtained with a model consisting of two layers that make up the a-Si:H film, i.e., a top layer and a bottom layer, due to the annealing-induced changes. The top and bottom layers show small quantitative differences but otherwise similar trends in S and W upon annealing. The VEPFIT results corresponding to the annealing experiments conducted on the R = 0, 5, and 10 films are shown in Fig. 2 . Only the results for the top layer are shown because the implanted positron is more sensitive to changes in the top layer although the bottom layer results are similar. Note that the positron is generally more sensitive to changes in the top layer, owing to the better depth resolution at low positron implantation energies. Based on DB-PAS and FTIR spectroscopy, three different Fig. 3 . Evolution of (a) the atomic hydrogen content c H , (b) the mass density ρ a −S i:H , and (c) the refractive index in the infrared n ∞ during annealing for five dense a-Si:H films deposited at different R values. c H , ρ a −S i:H , and n ∞ are all calculated using the integrated absorption strength of the Si-H wagging modes (WM). Note that the error bars in (a) and (c) are fitting errors that are obtained when using a data fitting routine described elsewhere [80] . The error bars in (b) are obtained through an error propagation analysis using the fitting errors of the refractive index and the atomic hydrogen content in combination with the Clausius-Mosotti equation.
processes can be identified during annealing: vacancy agglomeration, H effusion, and crystallization [50] . These processes are labeled as I, II, and III, respectively. Process I is characterized by an increase in S/S c−Si , starting at values characteristic for the presence of DVs but steadily increasing into the MV and NV ranges. Note that agglomeration of large vacancy clusters during annealing around 300-400°C has also been reported based on small angle X-ray scattering [76] and nuclear magnetic resonance [77] , [78] . In our study, FTIR spectroscopy shows that hydrogen effusion starts at around 300°C (process II) [50] , as will become clear from the FTIR data shown in Fig. 3(a) . The S/S c−Si values first increase while the W/W c−Si values decrease up to a temperature of ∼400°C. Beyond 550°C, the S/S c−Si values show a significant decrease (and the W/W c−Si values a significant increase) for all samples, characteristic for crystallization of the films (process III). Note that Raman measurements pointed out that at the end of the annealing experiments (at T a = 800°C), all films had indeed completely crystallized and showed no signature of any Si-H bonds in the material.
While processes I, II, and III appear for all samples, there are small yet qualitative differences in the evolution of S/S c−Si and W/W c−Si for the three films. For an annealing temperature T a of 400°C and less, it can be concluded that a higher T a is needed to achieve the same S/S c−Si value with increasing R. This implies that vacancy agglomeration evolves less efficiently in high R materials, i.e., additional energy is needed to arrive at similarly sized open volume deficiencies by annealing in the more stable, high R materials in comparison to the low R materials. Alternatively, one might infer that in the same T a range, S/S c−Si is always higher for the lower R materials and the increase in S/S c−Si is similar for all R materials, so although vacancy clustering is clearly taking place, this would mean that there are no significant differences in this vacancy clustering process between the different R materials. However, based on the generally larger qualitative differences between the three datasets for 400°C < T a < 600°C, and in particular the differences at T a = 550°C, we suggest that different annealing behavior can indeed be recognized here, and both the migration of open volume deficiencies and the hydrogen effusion during annealing are likely to evolve with greater difficulty in the higher R material. More simply put, vacancies in more stable, higher R materials appear to migrate less easily during annealing. We thus suggest that the material that exhibits the most limited amount of open volume deficiency migration has the smallest LID. Now that processes I, II, and III have been identified, the question is what the detailed differences in these processes are upon variation of R. Therefore, the annealing data from Fig. 2(a) and (b) are visualized in an S-W plot, as depicted in Fig. 2(c) , so the different states of the films and the transitions between them become more obvious. The S-W points of the different states of the film are connected by three edges, which each represent a different process that takes place in the film during annealing. For example, based on the S/S c−Si increase in Fig. 2(a) , it can be concluded that vacancy agglomeration is dominant when T a ࣘ 400°C, leading to a shift in the S-W point from its initial position for as-deposited films toward the bottom-right part of Fig. 2(c) for all three samples. Although three edges can be recognized here, they do not exactly correspond to the three processes I, II, and III identified in Fig. 2(a) and (b) . Namely, as demonstrated by the FTIR data discussed below, a certain fraction of Si-H bonds is already breaking when T a ࣘ 400°C, starting from temperatures of ∼300°C. The hydrogen effusion associated with this breaking of Si-H bonds could come from small open volume deficiencies such as DVs that agglomerate into larger vacancies. Furthermore, there is no increase in W/W c−Si for T a ࣘ 400°C that would indicate a lower hydrogen content with respect to the hydrogen content in the as-deposited state. This type of hydrogen effusion is labeled as process II-a in Fig. 2(c 
C. Changes in Si-H Bonds During Annealing
Since the structural material changes have now been revealed by DB-PAS, it is interesting to investigate the changes in Si-H bonds through FTIR spectroscopy. This is particularly important in order to understand how the hydrogen effusion takes place in the nanostructure. The suggested different types of hydrogen effusion during annealing are clearly revealed when considering the evolution of the integrated absorption strength of the Si-H WM, which is used to calculate the mass density of the film ρ a−Si:H,W M and the atomic hydrogen content c H,W M using previously defined proportionality constants and the ClausiusMosotti equation [50] , [55] , [79] . Another input parameter for this equation is the refractive index in the infrared part of the spectrum n ∞ , which is determined from fitting the background contribution in the FTIR measurement, i.e., those parts of the spectrum that do not contribute to either the WM or stretching modes (SM) [80] . The evolution of ρ a−Si:H,W , c H,W M , and n ∞ during annealing is shown in Fig. 3 .
When considering c H,W M , it is obvious that the hydrogen effusion due to breaking Si-H bonds starts when T a > 300°C and the c H,W M decrease is independent of R. Also ρ a−Si:H,W M is independent of R in the as-deposited state and the calculated values (2.23-2.24 g/cm 3 ) indicate that all films are dense [55] . During annealing, a gradual densification is observed, mostly due to hydrogen effusion, but interestingly ρ a−Si:H,W M increases to a very high value in a narrow temperature interval around T a = 300°C, and reaches values which are even beyond the c-Si density. As is shown in Fig. 3(c) , it is clear that this surprising result is due to a sharp increase of the refractive index n ∞ , which lowers again when T a > 300°C. Based on the minimal differences in the data trends shown in Fig. 3(b) and (c), it is noted that ρ a−Si:H is much more strongly determined by n ∞ than it is by c H , so the sudden increase in the calculated ρ a−Si:H value is clearly due to a sharp increase in n ∞ [55] , [79] . A simple, highly likely mechanism for this temporary increase in ρ a−Si:H,W M is the accumulation of H 2 in open volume deficiencies during vacancy agglomeration. For example, when two fully H-passivated DVs cluster together into a tetravacancy, an H 2 molecule remains: V 2 H 6 + V 2 H 6 → V 4 H 10 + H 2 . The remaining H 2 has a substantial amount of kinetic energy with respect to the Si-bonded H and will start pressing on the surrounding matrix, which elevates n ∞ and consequently the calculated value of ρ a−Si:H,W M as well. When increasing the temperature further (T a > 300°C), the H effusion starts, as shown in Fig. 3(a) , which means that the material can relax so that n ∞ and thus also ρ a−Si:H,W M decrease again. Interestingly, such a relaxation directly linked to a c H decrease has been previously explained as an intrinsic stress reduction [81] . Note that the ρ a−Si:H,W M peak value is higher for the R > 0 material when compared to the R = 0 material, implying that Fig. 4 . Evolution of c H corresponding to the Si-H low stretching modes (LSM) and high stretching modes (HSM) during annealing for five dense a-Si:H films deposited at different R values. Note that the error bars are fitting errors which are obtained when using a data fitting routine described elsewhere [80] .
the earlier suggested reduced amount of vacancy migration in higher R materials yields a larger H 2 -induced pressure build-up in open volume deficiencies. Note that the abrupt changes in ρ a−Si:H,W M can be more easily explained in the DNHV than they can in the CRN, in which voids are typically isolated. Additionally, there is an increase of 5 ± 1% in ρ a−Si:H,W M when increasing T a from 250°C to 300°C, while only a gradual, small 2.4 ± 1.6% average decrease in the film thickness was observed for T a ࣘ 500°C, meaning that the shrinkage of the film during annealing cannot explain the sharp increase in the density at T a = 300°C. It should be mentioned here that this increase is not due to an increase of the mass of the film or a sudden reduction of its volume, but it is caused by the sudden increase in n ∞ , since the density is calculated from the FTIR measurement data. Note that the thickness was determined by means of reflectance/transmittance measurements using a commercial system (supplied by W. Theiss Hard-and Software in combination with the SCOUT software) in the 375-1060 nm range. This means that several interference fringes were present in all measurements to enable an accurate determination of the thickness via standard thin-film optical models that use Fresnel amplitude coefficients to account for the interference between multiple reflections of the air/film/glass/air layer stack [34] , [82] . Furthermore, no significant changes in the phonon modes as determined by Raman spectroscopy were detected for T a ࣘ 500°C, which otherwise might have been able to explain the ρ a−Si:H,W M peak at T a = 300°C in a CRN view.
When further analyzing the FTIR results, the local environment of the various Si-H bonds involved in the H effusion can be identified by an analysis of the SM. Particularly interesting are the two types of hydrogen effusion that can be clearly distinguished when considering the annealing-induced changes in the atomic hydrogen content in the LSM and HSM c H,LSM and c H,HSM as depicted in Fig. 4 . Process I is predominantly characterized by an increase in c H,HSM , which can be explained as an increase in the number of Si-H bonds on the surface of large open volume deficiencies due to the clustering of small vacancies during annealing, which we concluded from the DB-PAS data shown in Fig. 2(a) . Note that we assume that the vast majority of small open volume deficiencies is fully hydrogenated in the as-deposited state, since only a very limited amount of small open volume deficiencies contains dangling bonds. The migrating hydrogen in the film can come from either Si-H bonds that were first contributing to the LSM, i.e., Si-H bonds at the surface of small open volume deficiencies such as DVs, or it can be formed from non-silicon bonded hydrogen that can be present in the film in the as-deposited state. However, the latter process is highly unlikely since the H-H bond energy is significantly larger than the Si-H bond energy for a single bond in general (4.5 eV versus ∼3.1 eV [83] ) and the various possible configurations of hydrogen in silicon (∼1.65-3.60 eV [84] ) in particular. Since the hydrogen content that is calculated from the WM, as shown in Fig. 3(a) , does not show any large increase during the annealing experiment, but only a roughly continuous reduction when T a > 300°C, it can in fact be concluded that no large amounts of initially non-silicon bonded hydrogen are converted into Si-H bonds during annealing. What remains as a possible explanation for the increase in c H,LSM that appears at T a = 300°C is a change in the oscillator strength of the LSM, which could be induced by the accumulation of hydrogen in small open volume deficiencies. Since we used the same proportionality constants for the LSM and HSM throughout the annealing experiment for all samples and because it is impractical to determine the proportionality constants for each sample after each annealing step, it could be that this leads to an apparent increase of the hydrogen content at T a = 300°C when calculated from the stretching modes. Since the stretching modes are associated with Si-H oscillations perpendicular to the surface of open volume deficiencies while the WM are linked to Si-H oscillations parallel to the surface of open volume deficiencies, it can be understood that the hydrogen content calculated from the WM is unlikely to be affected by accumulating hydrogen in open volume deficiencies, while this can be the case for the hydrogen content calculated from the stretching modes. Furthermore, as was suggested based on the S-W diagram shown in Fig. 2(c) , process II-a can now be identified as hydrogen effusion from small open volume deficiencies, since it is predominantly c H,LSM that decreases and the LSM is known to be associated with DVs [55] , [56] . Process II-b is characterized mostly by a decrease in c H,HSM , which is linked to hydrogen effusion from large vacancy clusters and NVs. As an important consequence of this close connection between hydrogen effusion and vacancy agglomeration during annealing, we arrive at an alternative interpretation of hydrogen effusion measurements in terms of a two-stage process involving small vacancies and NVs, respectively. Hydrogen effusion measurements were previously typically explained by hydrogen effusion from interconnected voids (low temperature effusion) and isolated voids (high temperature effusion) [85] .
D. Structural Model Describing the Evolution of Open Volume Deficiencies and Si-H Bonds During Annealing
For extra clarity, the main evolution of vacancy clusters and hydrogen in a-Si:H during processes I, II-a, and II-b is summa- • C. Therefore, we suspect a dominant formation of H 2 in the surrounding CRN matrix at T a ≤ 250
• C. Note that the trapping of H 2 is commonly known to depend on the annealing temperature [85] . Additionally, during process I, it is highly likely that clustering of not fully hydrogen-passivated small vacancies, partially also with the involvement of nonsilicon bonded hydrogen that is present in the as-deposited state, takes place in significant amounts as well, since the overall number of Si-H bonds is expected to remain roughly constant based on the FTIR data. Examples of such processes include V 2 H 6 + V 2 H 4 → V 4 H 10 and V 2 H 4 + V 3 H 6 + H 2 → V 5 H 12 .
Only when T a = 300
• C, it is expected that the second possible outcome of process I, i.e., trapped H 2 in clustered small vacancies such as tetravacancies, becomes more significant, which can explain the large peak in ρ a−Si:H,W M shown in Fig. 3(b) . Subsequently, the clustering of vacancies continues during process II-a while hydrogen effusion is starting to take place mostly from small vacancies. Note that this type of hydrogen effusion is derived from the dominant decrease in c H,LSM that occurs first when T a > 300
• C. When T a is increased even further, a dominant decrease in c H,HSM is observed, which is attributed to a release of hydrogen from the surface of large vacancies and NVs (process II-b). Finally, it should be noted that vacancy agglomeration can increase the H passivation degree of larger open volume deficiencies and hence reduce the metastable defect density. For example, the agglomeration of two DVs of which one is not fully hydrogen-passivated, as can occur in process I, leads to a fully hydrogen-passivated tetravacancy: V 2 H 4 + V 2 H 6 → V 4 H 10 . Such an improved hydrogen passivation degree could be the reason for the reduced LID that was recently observed for a-Si:H annealed at 350-400°C prior to light soaking [86] .
IV. CONCLUSION
The evolution of open volume deficiencies and hydrogen in a-Si:H films synthesized at various R values is monitored during annealing using a powerful combination of characterization tools based on DB-PAS and FTIR spectroscopy. The inferred reduced amount of open volume deficiency migration during annealing in more stable a-Si:H is an indication of an improved hydrogen passivation degree of open volume deficiencies and trapping of hydrogen in small MV clusters during agglomeration of DVs. Additionally, an alternative interpretation of hydrogen effusion measurements is presented, pointing to a two-stage process involving small open volume deficiencies and NVs, and schematic representations of the annealing-induced changes in the nanostructure are provided. These conclusions are relevant not only to the development of a-Si:H based solar cells, but could also be useful in understanding the nanostructure of other amorphous materials.
